Morphological differentiation of the distal ends of ameloblasts (AMs) from the late presecretory to early secretory zones of the rat upper incisor was studied by electron microscopy.
Introduction
AMs secrete enamel matrix during enamel formation and are also closely associated with its mineralization.
of Anatomy, Nihon University School of Dentistry. To whom all correspondence should be addressed: Dr. Toshihiko Inage, Department of Anatomy, Nihon University School of Dentistry, 1-8-13 Kanda-Surugadai, Chiyoda-ku, Tokyo 101, JAPAN. Since in order to perform this function AMs undergo a variety of morphological changes throughout their life cycle, ameloblastic differentiation from the presecretory stage to the secretory stage is of particular interest from a morphological viewpoint, and a number of electron microscopic studies have been reported [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . WARSHAWSKY et al. [12] demonstrated that matrix islands appeared in the lateral intercellular spaces between the distal ends of secretory ameloblasts (SAs) and that their deposition caused cone-shaped Tomes' processes to form.
However, there has been a scarcity of studies on the morphological differentiation of the distal cytoplasm during the transition from the presecretory stage to the secretory stage, particularly with regard to the formation of microvilli under the distal terminal bars of SAs and the secretory sites of the enamel matrix[41.
In the present study, therefore, serial observations of the distal end of AMs in the rat incisor from the late presecretory stage to the early secretory stage were conducted by electron microscopy.
Materials and Methods
Twelve male Wistar rats each weighing about 40 g were used. Under Nembutal anesthesia, each animal was perfused from the left ventricle with 2.5% glutaraldehyde solution including 2% paraformaldehyde diluted with 0.08 M cacodylate buffer (pH 7.4). After decalcification in 0.1 M EDTA (pH 7.4) for three weeks, the upper incisors were cut transversely into five blocks and each of the divided blocks was further cut mid-sagittally with a razor blade. They were then post-fixed in 1% 0504. After dehydration in ethanol, the specimens were embedded in Araldite. The tissues were cut into sections about 1 pm thick , then stained with toluidine blue. After staining, the transition from the presecretory zone to the early secretory zone was identified by light microscopy and the same zone was cut into ultrathin sections. The ultrathin sections were double-stained with uranyl acetate and lead citrate, and then observed with a Hitachi H-800 electron microscope.
Results

Late presecretory zone
PAs showed a high columnar shape, a nucleus located in the basal portion , and mitochondria accumulated at the basal end. The Golgi apparatus occupied the supranuclear region. A terminal bar was evident at the distal end, and microvilli were found at the distal cell membrane. No rough endoplasmic reticulum was found in the cytoplasm under the distal terminal bar, but a number of vesicles and coated vesicles with various diameters were present. The type-1 vesicles[41 were located near the Golgi apparatus and in the distal cytoplasm (Fig. 1) .
Coarse-textured material{41 was observed inside the type-1 vesicles, in the lateral intercellular spaces between the PAs and along the distal cell membrane. A material corresponding to fine-textured materialr41 was observed in the extracellular spaces under the distal cell membrane. In the invaginated area of the microvilli, collagen fibrils were observed (Fig. 2) . Narrow membrane invaginations were apparent at the distal cell membrane, and collagen fibrils were recognized inside them (Fig. 3 ).
In the area closer to the region of initial enamel, the type-1 vesicles became larger in both size and number, whereas near the Golgi apparatus an increase in the number of spherical bodies[131 was observed (Fig. 4) . Small matrix islands were present in the lateral intercellular spaces between the PAs. The microvilli at the distal end gradually disappeared, and the distal cell membrane became flat (Figs.  4-6 ). An electron-dense layer was evident on the surface of the dentin (Figs. 4-6) .
Furthermore, the width of the electron-dense layer became progressively thicker toward the region near the zone of initial enamel formation, and its border facing the dentin invaded into the dentin along the collagen fibrils. Material considered to be enamel precursor was observed immediately under the cell membrane of PAs (Fig. 6 ).
Initial enamel secretory zone
A thin layer of initial enamel began to appear immediately under the distal ends of SAs. Although the number of type-1 vesicles decreased, there were many granules within the cells and the rough endoplasmic reticulum was developed conspicuously (Fig. 7) . A large number of secretory granules were observed in the distal cytoplasm (Fig. 8) , and coated pits and shallow and narrow membrane invaginations were observed at the distal cell membrane (Figs. 8, 9 ).
The amount of cytoplasm under the distal terminal bar was increased where initial enamel about 1 pm thick had formed (Fig. 10) . A large amount of enamel matrix was observed in the lateral intercellular spaces between the distal ends of SAs, particularly near the membrane invaginations (Fig. 11) . The thickness of the initial enamel was not even, with a discontinuous portion due to the cytoplasm of SAs (Figs. 11, 12) . In the cells which formed cone-shaped Tomes' processes at the distal end of SAs, microvillus-like membrane invaginations were observed in the lateral membrane of the Tomes' processes (Figs. 11, 12, arrows) . In the region near the site of inner enamel formation, a large number of secretory granules was present in the cytoplasm at the distal end (Fig. 13) .
Inner enamel formation zone
The cytoplasm at the distal end was fully developed and formed Tomes' processes. Microvilli were observed in the lower part of the terminal bar, and the cell membrane was invaginated from the apex of the Tomes' processes (Fig. 14) .
Discussion
In the early stage of tooth formation, PAs and the dentin are divided by a continuous basal lamina, which eventually disappears when enamel formation has started, as clarified by many electron microscopic studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . KALLENBACH [4] , KALLENBACH et al. [14] SLAVKIN et al. [15] and THESLEFF et al. [16] pointed out that PAs undergo morphological differentiation to SAs upon transmission of a stimulus from the mesenchyme to the epithelium via ectomesenchymal contacts. On the basis of an electron microscopic study of rat molars, REITHEll suggested that after the basal lamina had been resorbed by PAs, stippled material destined to become enamel was secreted. KALLENBACH{41 and KASAMOrill, studying rat incisors, reported that before removal of the basal lamina, coarse-textured material (corresponding to the stippled material) was observed. Then, after the disappearance of the basal lamina, the coarse-textured material was replaced by fine-textured material. In the present study, both coarse-and fine-textured materials were observed in the lateral intercellular spaces between the PAs at the distal end in the region where the basal lamina had disappeared, and a zone with an electron-dense layer was present on the dentin surface. KALLENBACH [4] and KAsAmo [11] also described that both the coarse-and fine-textured materials present in the dentin always showed a cluster-like form. The above-mentioned electron-dense layer might occur by diffusion of the coarse-textured material following degradation into smaller-sized material extracellularly after secretion from the PAs.
The synthetic pathway of the textured material is not yet known in detail. The coarse-textured material was found in type-1 vesicles, which were present near the Golgi apparatus and in the distal cytoplasm when the coarse-textured material appeared in the intercellular spaces. This suggests that type-1 vesicles are related to the synthesis and secretion of the coarse-textured material.
WARSHAWSKY et al. [12] observed that small globules appeared in the lateral intercellular spaces between the distal portions of PAs after disappearance of the basal lamina. These then grew into large matrix islands, finally becoming the initial enamel. The same result was obtained in the present study; that is, with the appearance of the matrix islands, enamel was formed under the PAs. It is therefore possible to consider that the matrix islands are precursors of the enamel which might be secreted by SAs. The matrix islands were always observed near the membrane invaginations of the PAs. This result suggests that the membrane invaginations might be the site of secretion of the enamel matrix in PAs.
As for the ultrastructural changes in the distal cell membrane from PAs to SAs, matrix islands appeared in the lateral intercellular spaces between the PAs in the distal end, near the region of initial enamel formation. The membrane invaginations were evident only in this location. As enamel formation progressed further, the matrix islands gradually increased in size, they pressed the distal ends from a lateral direction, finally forming cone-shaped Tomes' processes at the distal end of the SAs. Since at this time the distal apex cytoplasm is still growing toward the dentino-enamel junction, the apex of the Tomes' processes extends distally. The membrane invaginations which were previously located at the distal end of the PAs then become located in the lower part of the distal terminal bar. Consequently, the membrane invaginations previously present at the distal end are observed as microvilli by electron microscopy. Figs. 5, 6 Distal ends of PAs in the same region. Arrows: electron-dense layer of the dentin. MI: matrix islands. x12,000 Fig. 7 The SAs involved in initial enamel formation. Initial enamel (IE) is evident on the dentin surface. N: nucleus; G: Golgi apparatus; MI: matrix island; SP: spherical body. x5,000
Figs. 8, 9 Higher-power magnification of the distal ends of SAs at the same region as in Fig. 7 . A large number of secretory granules (arrows) are present in the distal end of the cytoplasm but type-1 vesicles are not found. Arrow heads: membrane invagination; IE: initial enamel; MI: matrix islands. x12,000 Figs. 11, 12: The distal ends of SAs at the same region as in Fig. 10 . Membrane invaginations (arrows) are present at the cell membrane near the matrix islands (MI). In Fig. 12 , the distal cell membrane of SAs connects directly with the dentino-enamel junction. D: dentin; IE: initial enamel. x5,000 Fig. 13 The region adjacent to that of inner enamel formation. A cone-shaped process is formed at the distal end of a SA. D: dentin; E: enamel; Arrows: secretory granule x9,000
Fig. 14 Inner enamel formation zone. A Tomes' process is formed at the distal end. Arrows: secretory granule; E: enamel; Mm: membrane invagination; MV: microvilli. x9,000
